Regional disparities in geographical access to hospital care are found throughout China. Understanding variations in the spatial accessibility of hospital care has the potential to provide decision support in healthcare planning. This study examines the hospital system in the Sichuan Province in China, which provides healthcare for more than 80 million people. We examine the impacts of accessibility characterisation via the conventional measurement approach by comparing the results to those derived using a floating catchment area approach. Employing a geographical information system based on population and hospital administrative data, we conducted a provincewide study of the spatial accessibility of hospital care in Sichuan Province, China. A shortest-path analysis and the enhanced two-step floating catchment area (E2SFCA) method were implemented. Substantial differences between these two approaches were found, including a roughly 15% difference in the total number of under-served areas. Generally, spatial accessibility was higher in the eastern regions of Sichuan. More than 5.5 million people were found to have limited access, with large variations across the province. These results indicate that the official method used by policy makers in China may not capture the true nature of spatial accessibility throughout the region. We recommend that the E2SFCA method be implemented for health services research in China, providing decision makers with more accurate information when setting healthcare policies.
Introduction
Access to healthcare depends on characteristics of both the delivery system and the population in need of such services (Aday and Andersen, 1974) . However, the assessment of overall access to healthcare has proven to be difficult due to the multifaceted nature of the concept and the complex set of interactions occurring between populations and services. Often, a distinction is made between potential and realised access. Specifically, while the former is based solely on the ability of the system to provide services for the population, realised access depends on actual utilisation of these services (Aday and Andersen, 1974; Joseph and Phillips, 1984) . Penchansky and Thomas (1981) defined access as a measure of fit between the population and the services, identifying five distinct dimensions of potential access. These dimensions can be classified into spatial components (accessibility and availability) and non-spatial components (affordability, accommodation and acceptability) (Khan, 1992) . Accessibility describes the burden of travel between locations, while availability describes the number of services available. As these two entities are commonly not independent of each other, we are often forced to deal with services falling within a specific distance. This fusion of availability and accessibility has been referred to as the spatial accessibility of healthcare services (Guagliardo, 2004) .
Spatial accessibility is recognised as an important component in the evaluation of a population's overall access to healthcare (World Health Organization, 2000; Horev et al., 2004; Berke and Shi, 2009; Andersen et al., 2011) . Disparities in spatial accessibility result from the geographical configuration of delivery locations, population distribution and the transportation infrastructure linking them together.
Specifically, healthcare services are offered from a fixed set of locations but are required to serve a population considered to be continuously distributed across a landscape (Joseph and Phillips, 1984) . Although disparities in spatial accessibility are inevitable due to this configuration, some populations are more adversely affected than others. For example, rural populations are often required to travel much longer distances to access services and are likely to have fewer services available (Laditka et al., 2009; Ranga and Panda, 2014) .
In China, there are large disparities in the spatial accessibility of healthcare recourses among regions. In the 2010 national survey of rural impoverished counties (representing 36.1% of total rural residents in China, 242.39 million people), 34.6% of the respondents, who reported not having timely access to medical care, attributed distance to a medical institution as the barrier (Department of National Bureau of Statistics of China, 2012). For urban areas, including suburban areas, the problem also exists, although the magnitude appears smaller. In 2010, 1.4% of urban residents who chose not to be hospitalised (against the advice by a physician) reported too far away from the hospital as the reason (State Council, 2010) . However, the severity of this problem differs among Chinese cities, varying from 0 to 10.7% and indicating that the spatial accessibility of hospital care is an issue of concern in some urban regions (summarised from State Council, 2010) .
In an effort to alleviate disparities in healthcare access, an undertaking under the slogan promoting the progressive equalization of the basic public health services was introduced as one of the five key reform projects of the Chinese healthcare reform of 2009 (Communist Party of China, 2009). Table 1 summarises related policies introduced during 2009-2012 by China's central Government. More than 2116 county hospitals and 8859 primary health centres were planned for construction or given additional support during this period. By 2011, investment at the level of 43 billion Yuan (about USD 6.7 billion) had been made for the support of hospital construction and 13 billion Yuan (about USD 2 billion) for medical equipment (Development and Reform Commission of China, 2012) .
Given this large investment with respect to healthcare services, a challenge of where to locate the new facilities emerges. Because the distribution of new facilities has the potential to affect healthcare access for a large number of people for a long time to come, both equity and efficiency should be carefully considered. From a regional health planning perspective, correctly identifying under-served areas must be an essential component of this process. Currently, policy makers use a rudimentary, regional availability approach (ratio of services per population within administrative boundaries) to characterise the spatial accessibility of healthcare services. An advantage of this approach is that it is easy to calculate and interpret what is needed. Implementation is generally straightforward as data for healthcare resources (such as physicians, hospital beds), population counts and the regional administrative boundaries are well known and understood by both policy makers and the general population (Florin et al., 1994; Luo and Qi, 2009 ). However, the assumptions regarding the regional availability approach do not accurately reflect how access is experienced in real world settings (Wing and Reynolds, 1988) . To address this issue, a number of spatial techniques have been developed based on the gravity model (e.g., Joseph and Bantock, 1982) and implemented in a geographical information system (GIS). Specifically, the floating catchment area (FCA) family of spatial accessibility metrics (Luo and Qi, 2009 ) provides an alternative, GIS-based approach to characterise the spatial accessibility of healthcare resources.
GIS-based spatial accessibility models have rarely been applied for healthcare issues in China; indeed, they have yet to be incorporated by Chinese policy makers or health policy researchers. To illustrate their potential advantages, this study employed the enhanced two-step floating catchment area (E2SFCA) method to analyse the spatial accessibility of hospital services in the Sichuan Province. There are two main reasons for choosing an entire province as the study unit. First, most of the public policies regarding financial support for healthcare are made at the provincial level in China; second, the results may potentially provide support for future policymaking efforts and healthcare resource allocation in Sichuan Province.
We selected Sichuan Province as the study area in an effort to strengthen the possibilities to generalise the results. Sichuan is one of the largest provinces in China, both with regard to area and to population. The level of economic development and availability of healthcare resources, as well as population are unevenly distributed throughout the province. Further, Sichuan has a variable topography, which affects travel patterns, that is similar throughout China as a whole. The first contribution of this study would be to apply GIS-based methods, the shortest path analysis (Kwan, 1998) and the E2SFCA method (Luo and Qi, 2009) , to a healthcare system covering a large area and a big population, for which these methods have rarely been applied. The second contribution would be to compare the effectiveness of the conventional method with the GIS-based methods in identifying the under-served areas for hospital care. From a public policy perspective, our results Complete the task of constructing the rural three-level, health service network and the urban community health service organisation, and add more than 300 county-level hospitals (including traditional Chinese medicine hospitals), more than 1000 township hospitals, and more than 13,000 village clinics to support the construction on the basis of the previous two years, so that each county has at least 1 county-level hospitals reaching the level 2 (class A)* hospital and 1 to 3 reaching the standard township hospitals, each administrative village has a clinic, and each street has a community health service institution. In addition, allocate mobile touring medical service cars to the Midwestern remote and mountainous areas 2012
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According to the principle of filling up the gaps, continue to increase support for the standardised construction of township hospitals 
Materials and Methods

Study area and data
Sichuan, located in the Southwest, roughly between latitudes 92°21'~108°12'E and longitudes 26°03'~34°19'N, is the fifth largest province (486,000 km 2 ) of China. It is an important industrial centre province due to its agricultural and mineral resources. There are 181 counties in Sichuan, whose total population was 80.76 million in 2012 (National Bureau of Statistics of China, 2013) .
Hospital data were acquired from the provincial Health Bureau. Three indicators were used to characterise hospital capacity: the number of hospital beds, the number of staff, and the number of medical doctors. The staff includes registered doctors, assistant doctors, registered nurses, pharmacists and laboratory technicians. The latitude and longitude of hospital locations were geocoded using the hospital names and addresses.
We used the road network to compute the shortest travel times from the residents' locations to hospitals. The road network and administrative boundaries data were gathered from the 1:250,000-scale Topographic Database of the National Fundamental Geographic Information System of China provided by National Geomatics Center of China. According to the Chinese road technical standards, travel speeds are set according to the quality of the road, i.e. as 100, 80, 60, 40 and 20 km/h for highways, state roads, provincial roads, county roads and village roads, respectively.
The population counts of the administrative zones (counties) were obtained from Sichuan Province Statistical Yearbook 2013, published by the Department of the Statistics Bureau of Sichuan. The population data were disaggregated using a 60 arc-second (~2 km) grid allocating the total population of each county evenly over the ~4 km 2 units provided by this grid. This method was chosen because a higher resolution of population data was not available for the study area. Figure 1 shows Sichuan's population density by county, which is relatively high in the East and declinines generally and in the western direction within the province. Qingyang District, one of the districts within Chengdu City (the capital of Sichuan), has the highest population density (8867 residents per km 2 ), while Daocheng County, located in the Southwest has the lowest (4.58 residents per km 2 ). Although the hospital distribution appears relatively consistent with the population, the 1547 hospitals are unevenly distributed throughout the province (Figure 2) . Figure 3 displays the road network, which is denser in the South and East.
Statistical approach
The conventional method to define the spatial accessibility is simply to use population ratios with respect to the health services that fall within predefined, administrative boundaries. However, there are two main assumptions that should cause concern as they are generally not valid in real-world care-seeking scenarios. (Joseph and Phillips, 1984; Luo and Qi, 2009 ): i) residents within the administrative region all have equal access to health resources within the region; ii) residents of a region do not travel beyond the boundaries of their region to seek care elsewhere (Wing and Reynolds, 1988) . Employing different levels of data aggregation (resolution) can strengthen the validity of one of these two assumptions but not both at the same time. For example, using more disaggregated data (smaller areal units) will make the first assumption more realistic but would also decrease the validity of the second one (Kivell et al., 1990) . The inverse is true if more aggregated data are used (Makuc et al., 1991; Luo and Qi, 2009) .
A gravity-based model estimates spatial accessibility by incorporating supply, demand and distance concurrently (Weibull, 1976; Joseph and Bantock, 1982) . It takes the general form:
eq. 1
where Ai G denotes the spatial accessibility at location i, and n and m the sets of all medical institutions and population locations, respectively. Sj represents the supply at location j (e.g, the capacity of medical institution, such as the number of hospital beds), while f(d) is a geographic impedance function, based on dij, the travel time or distance between i and j, and Pk represents the potential demand at location k (e.g., the number of people). The basic gravity model assumes the spatial accessibility of health services for a population is equal to the sum of impedance-weighted supply-to-demand ratios of all nearby medical sites. The advantages of the gravity model are as follows: first, Ai G accounts for all the three determinants of spatial accessibility (supply, demand and distance) within a single model (Luo and Qi, 2009 ); second, the two assumptions of the population ratio approach are not required. The main weakness of the gravity model is that the output unit of Ai G is not easily interpretable and that limits its use in healthcare planning or resource evaluation efforts.
FCA metrics represents a special form of the gravity model, integrating the theoretical advantages of the model with an easily understood output unit (supply per person). The first implementation was the twostep floating catchment area method (2SFCA) (Radke and Mu, 2000; Luo and Wang, 2003) , which is similar to the regional availability method, but allows the boundaries to float based on a user-specified distance from each facility and population location. The 2SFCA does not consider distance decay within catchments (i.e., all locations inside of the catchment are assumed to have equivalent access). Luo and Qi (2009) address this issue by applying the E2SFCA metric, in which each catchment area is divided into multiple sub-zones of different weight values based upon a distance decay function f(d), which can be adjusted depending on the travel behaviour associated with the service. The exponential function (f(d)=e -βd ), the inverse-power function (f(d)=e -β ), and the Gaussian function (f(d)=exp(-dij 2 / β )) are often used forms of f(d), where β is the impedance coefficient indicating the extent to which the travel cost (distance or travel time) would impact on various individuals' access to the services in question (Kwan, 1998) .
Several other methods, such as the three-step floating catchment area method (3SFCA) and modified two-step floating catchment area method (M2SFCA), have been proposed as extensions or modifications of the E2SFCA. However, there is no consensus that any method is superior (McGrail, 2012; Wan et al., 2012; Delamater, 2013) . Considering that the E2SFCA is the most widely used in recent related studies and recommended as the standard floating catchment area method (Langford et al., 2012; Dewulf et al., 2013) , this metric was employed in our study.
A 60-min driving zone was defined as the catchment area for hospitals (McGrail and Humphreys, 2009) . In this respect, it must be noted that the physical terrain in Sichuan is complex, with mountains, plateaus and hills occupying about 97.46% of the total land area. A majority of Sichuan's population (75.78%) is considered rural. Previous literature suggests that the catchment size for rural areas should extend to a larger value, such as 60 minutes, in an effort to incorporate isolated areas.
Each catchment was divided into subzones (0-10, 10-30 and 30-60 minutes). In the Chinese context, 10 minutes is viewed as initial impedance that presents as small barrier to accessing hospital care, while 30 minutes is viewed as standard travel time advocated by various health plans. Given the considerations, 10 and 30 minutes were used as the cut-off values to define the ranges of the catchment zone. Weights (Wr) for each subzone were calculated using the following Gaussian function as of the three common forms of f(d), the Gaussian function is considered the most appropriate for simulating the distance decay effect (Kwan, 1998; Wang, 2007; Cromley and McLafferty, 2011) :
The Gaussian weight function is highly dependent upon the impedance coefficient, β. Large values of β (the impedance coefficient) are used when people are less willing to travel long distances to access care (Luo and Wang, 2003) . The mean travel time for each subzone (5, 20, and 45 minutes) were used as dij values in the calculation. As suggested by Wan et al. (2012) , 0.01 is a critical point for Gaussian function approaching zero. Using the midpoint of each travel subzone, a β value of 440 provides Wr values of 0.945, 0.403 and 0.01 for the 0-10, 10-30 and 30-60 minute subzones, respectively
The first step of the E2SFCA is to calculate the supply to demand ratio for each hospital (WRj):
where Sj is the number of hospital beds and the Pk terms correspond to the population falling within each of the three travel time subzones (D1, D2, D3).
In the second step, for each population location, the supply to demand ratios for all hospitals were summed, weighted by their location in the three subzones:
eq. 4
where WAi F represents the accessibility of hospital beds for the population at location i.
We examined the effectiveness of the traditional method in identifying under-served areas by comparing its results with the E2SFCA results. Since the lowest level of administrative data available is the county level, the E2SFCA-based WAi F values were aggregated to the county level to make the outputs of the two methods comparable. The aggregated value (Ac F ) was calculated as the population weighted mean of the subpopulation accessibility values (WAi F ) within each county:
eq. 5 where c denotes the county, and n is the number of locations i within county c. where Ac T and Ac F are the ratios of population to hospital services within county c. and are the arithmetic means of Ac T and Ac F at province level, respectively. The numerators represent the accessibility differences between the specific county and the provincial average, while dividing by the provincial mean standardises the indices' scales.
The mapping and spatial analysis were performed using ArcGIS 9.3 (ESRI, 2009), and the statistical analysis was performed using Stata 12 (StataCorp 12, 2011) .
Results
The results of the shortest path analysis can be seen in Figure 4 . As expected, accessibility was found to be highly uneven throughout the province, with the central eastern part having the highest accessibility with most residents living within 10 minutes or less of the nearest hospital.
The average travel time to the nearest hospital for residents of Sichuan Province was found to be 48.4 minutes, 60% longer than the 30-minute standard used for hospital care (Bosanac et al., 1976; Delamater et al., 2012) . Using this approach, we found that 31.8 million people (39.4% of Sichuan's population) should be able to access the nearest hospital within 30 minutes (Table 2 ). More detailed results of the shortest path analysis show that 29.8 million (36.8%), 13.9 million (17.2%) and 5.3 million (6.6%) can access the nearest hospital within 30-60 minutes, 1-2 hours, and more than 2 hours, respectively.
The spatial accessibility results provided by the E2SFCA for hospital beds, health professionals and doctors are displayed in Figures 5-7 , respectively.
As measured by the E2SFCA, the geographic patterns of spatial accessibility to the three hospital care indicators appeared to be similar throughout the province. However, when comparing the E2SFCA results with the county-based ratio method, a notable difference with regard to variation within the counties was noted. Importantly, the E2SFCA results show both under-served and high-accessibility areas within the same county. The E2SFCA results also differ from the geographical distribution of hospitals (Figure 2 ) and the shortest path analysis results (Figure 4) . The biggest differences were found in the less populated western counties, where areas characterised by high spatial accessibility was identified by the E2SFCA approach. The differences in these results underscore the importance of integrating supply, potential demand and distance when evaluating spatial accessibility.
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The E2SFCA and the county-based ratio results were compared by calculating the correlation coefficient and via paired t-tests. Table 3 presents the results. Pearson's correlation coefficients for the three indicators of hospital supply capacity were all slightly above 0.5, indicating a moderate, positive relationship between the results, while the paired t-tests showed that the mean values were not significantly different (P<0.05) for any of the three indicators. Figure 8 shows the results of the relative accessibility analysis. Maps in the left column show the E2SFCA results, with the county-based ratios displayed on the right. In general, the results of the two methods appear similar at the county level, which is consistent with the correlation and paired t-test results.
Discussion
For both methods, counties were categorised into two groups based on whether they were above or below the provincial average and compared. Although a large majority of the counties were identified as being in the same group by both methods, 32 (17.7% of all counties), 31 (17.1%) and 25 (13.8%) counties were inconsistently classified for hospital beds, health professionals and hospital practitioners, respectively (Table 4) . Given the previously discussed advantages of the E2SFCA method, the inconsistencies imply that the traditional approach has the potential to misrepresent relative spatial accessibility for a nontrivial number of counties in Sichuan Province. This research aimed to: i) apply a more comprehensive GIS-based method to measure spatial accessibility for a healthcare system serving a large area and population, in which advanced spatial analytic approaches have been rarely applied for health planning, and ii) assess the effectiveness of the conventional method (county-based per population ratios) for identifying underserved regions by comparing the results to the E2SFCA method results.
Of the 80.76 million residents of Sichuan province, we found that there are 5.5 million residents (6.6% of total population) who live more than 2 hours travel time from the nearest hospital. Given the golden hour -i.e. the Golden Hour refers to the time period following a traumatic injury during which there is the highest probability that medical treatment will prevent death -as a benchmark of risk due to limited geographic accessibility, this information suggests a large number of people are potentially at high risk throughout the region. Spatial accessibility to hospital care varies dramatically throughout the province. Generally, spatial accessibility is higher in the more heav- ily populated regions in the eastern portion of the country. However, the variations within the counties were also observed. Notably, the E2SFCA identifies both underserved and high accessibility areas within a single county. Further, the two methods had a roughly 14-18% difference in classifying counties as above or below the provincial average. These results, in combination with the known limitations of the traditional approach, highlight the benefits provided by implementing the E2SFCA method to assess province-level spatial accessibility. After the new round of healthcare reforms launched in 2009, China's central and local governments are making large investments in the healthcare sector, including constructing new hospitals and proving support for existing hospitals' development. Determining how to allocate these resources to address equity, while also maximising efficiency remains a challenge. Evidence-based planning is essential for policy makers and our results show that GIS-based approaches, such as the shortest path analysis and the E2SFCA method have the potential to provide important information in these efforts. Further, the E2SFCA could also be extended to examine the spatial distribution of additional healthcare resources including disease-specific healthcare resources or medical equipment.
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Conclusions
Ultimately, we hope that the results presented in this work provide useful information for future healthcare planning and public health policy endeavours. We recommend further integration of spatial analysis for related research in China and suggest that policy makers take note of the shortcomings we have identified regarding per population ratios of healthcare services (within administrative boundaries) and incorporate more comprehensive measures in their efforts. 
